Mercury (Hg) is a highly toxic metal which occurs in surface and ground waters as the Hg 2+ ion. The aim of the present study was to develop carbon-based adsorbents that contain chlorine (Cl), sulphur (S) or nitrogen (N) functional groups in an attempt to enhance the removal of Hg 2+ ions from aqueous environments. Thus, activated carbon (AC) was oxidized by treatment with nitric acid and then with thionyl chloride, followed by reaction with ethylenediamine, dithio-oxamide and 1,2-ethanedithiol, respectively. Such chemically-modified activated carbons were characterized by scanning electron microscopy in conjunction with energy-dispersive spectroscopy (SEM-EDS), Fourier-transform infrared (FT-IR) spectroscopy and potentiometry.
INTRODUCTION
Mercury is one of the most toxic metals found in the environment and is identified as a threat to human health (Clarkson 1993) . Mercury and its compounds, especially methylmercury, are neurotoxins that cause blockages of enzyme-binding sites and interfere with protein transport and synthesis due to their high affinity toward sulphur-containing biological molecules (Kim et al. 2004) . Following excessive exposure through ingestion, individuals may develop tremors, loss of sensation, vision and hearing loss, and/or developmental and behavioural abnormalities (Baeyens et al. 1996) . The discharge limit for total mercury in wastewater permitted by USEPA is 10 µg/ᐉ, while the limit in drinking water is 2 µg/ᐉ (USEPA 2001). The criteria established by the Japan Ministry of the Environment are 5 and 0.5 µg/ᐉ, respectively (Takahashi et al. 2001) , while the World Health Organization (WHO 1990 ) recommends 0.3 µg/week as the maximum mercury human intake and 1 µg/ᐉ as the maximum acceptable concentration in drinking water (Wase and Foster 1997) .
Mercury contamination in the environment may result from a variety of human activities and industrial operations, such as discharges from chlorine, electrical switch, battery and paint manufacturers, as well as on-site applications of fertilizer, pharmaceutical and agricultural chemicals (Namasivayam and Periasamy 1993) . Conventional techniques for mercury removal from contaminated water include sulphide precipitation (Stein and Patterson 1997) , ion exchange, cementation (Beck et al. 1995) , liquid-liquid extraction (Starvin and Rao 2004) and solid-phase extraction (Grayson 1981) .
Activated carbon (AC) has been widely used as an adsorbent for the removal of aqueous pollutants because of its porous structure and specific surface properties (Rodriguez-Reinoso 1998) . The surface modification of activated carbons is recognized as being an attractive approach for enhancing the removal of various metal ions from the aqueous phase (Silva et al. 2001 (Silva et al. , 2002 . However, the development of carbon-based adsorbents that contain specific surface functional groups which are highly selective towards or show an affinitive for mercury is a challenge. According to the acid-base theory of Pearson (Pearson 1988), mercury is a soft acid which is capable of forming very strong bonds with a soft base such as the -CN, -RS, -SH or -NH 2 group. The high affinity of mercury ions toward N-or S-containing biological molecules such as pyridine (Denizli et al. 2003) , poly(ethylenimine) (Navarro et al. 1996), thioether (Zuo and Muhammed 1995) , thiourea (Singh et al. 1999 ) and phosphine sulphide (Hollerman et al. 1999 ) has been reported. Previous studies have shown that halogen-embedded AC has a higher mercury adsorption capacity than traditional AC (Ghorishi et al. 2002; Vidic and Siler 2001) . Thus, modifying activated carbons with N-, S-or Cl-containing functional groups could potentially enhance the removal of Hg(II) ions from aqueous media.
The surface modification of activated carbon with selected functional groups can be achieved through oxidation by HNO 3 /H 2 SO 4 , followed by treatment with iron powder, distillation in HCl (Tanada et al. 1999 ) and the reaction of the carboxyl groups with ethylenediamine compounds (Abe et al. 2000; Yantasee et al. 2004) . The goal of the present study was to develop a novel approach that modifies the surface of activated carbon with nitrogen-, chlorine-and/or sulphurcontaining functional groups, thereby enhancing the Hg(II) ion adsorption capacity. With this in mind, the following objectives were pursued: (i) the synthesis of carbon-based adsorbents with N-, S-and/or Cl-containing functional groups; (ii) characterization of the surfaces of the chemically-modified carbons with regard to their morphologies, chemical composition, functional groups and surface charges; and (iii) evaluation of the efficacy of the modified carbons for the removal of Hg(II) ions from an aqueous environment through batch experiments aimed at measuring the adsorptive kinetics and the equilibrium isotherm.
MATERIALS AND METHODS

Modification of activated carbon
A known amount (15 g) of activated carbon (NORIT Darco 20x40LI, surface area = 650 m 2 /g, density = 400 g/ᐉ, particle size = 0.42-1.0 mm) was oxidized with 100 mᐉ of 5 M HNO 3 solution at 40 o C for 7 h. The oxidized carbons were separated by filtration, washed with de-ionized water until a solution pH > 5 was obtained and then oven-dried overnight at 40 o C. Subsequently, 12 g of dry oxidized carbon was activated with 40 mᐉ of 5% thionyl chloride (99%, Aldrich) in toluene (98%, Aldrich) at 70 o C for 5 h, a process which converted the surface carboxylic groups into acyl chloride functionalities (Silva et al. 2002) . The resulting carbons were then washed extensively with toluene and purified via Soxhlet extraction, in which the carbons were reacted at 90 o C with 0.05 M ethylenediamine (99%, Aldrich), 1,2-ethanedithiol (99%, Aldrich or dithiooxamide (99%, Aldrich), respectively, for 24 h with continuous stirring. Such reactions were expected to lead to the grafting of N-, S-and/or Cl-containing functional groups onto the carbon surface via alkyl chains. The purified carbons were washed for a number of 10 min periods with ethanol in an ultrasonicator to remove all the free chemicals, and then dried under vacuum (Yantasee et al. 2004; Tamai et al. 2006) . Such surface modification produced three carbon adsorbents: ACNN (with ethylenediamine); ACNS (with dithio-oxamide); and ACSS (with 1,2ethanedithiol). A schematic illustration of the surface reactions is given in Figure 1 .
Surface characterization
The modified carbons were characterized by scanning electron microscopy (SEM) to evaluate the alterations in their surface morphologies. For this purpose, the samples were mounted on aluminium stubs of 1 cm diameter using double-sided sticky tape, coated with a 10-µm conductive carbon layer (Colombini et al. 2004) , and analyzed using an AMRAY 1600 scanning electron microspectrometer operated at 5-20 kV and under low vacuum (10 -5 mbar) conditions. In conjunction with the SEM imaging, microanalysis using energy-dispersive spectroscopy (EDS) was simultaneously performed over the range 0-4.0 keV to determine the elemental compositions of the sample surfaces. The amounts of surface organic or inorganic functional groups present were measured qualitatively using a Fourier-transform infrared spectrometer (FT-IR). Samples for spectral analysis were prepared by mixing 1 mg of the original samples with 500 mg of KBr (Merck) in an agate mortar and the discs obtained after pressure treatment of the samples scanned over the wavenumber range 4000-400 cm -1 using a Nicolet 4700 FT-IR spectrometer (Thermo Electron Corporation, Waltham, MA, U.S.A.). This scanning range was suitable for obtaining information regarding the peaks generated by the specified ligands. The surface charges and the H + -binding isotherm were examined by potentiometric titration. Thus, samples (0.1000 g) were suspended in 50 mᐉ of 0.01 M NaNO 3 solutions acidified by the addition of 2-5 mᐉ of 0.1 N HNO 3 . Purified nitrogen gas was bubbled continuously through the suspensions with continuous stirring to eliminate atmospheric CO 2 . Such titrations were performed employing 0.1 M NaOH in conjunction with an automatic Metrohm 716 DMS Titrino titrator (Metrohm, Switzerland) over the pH range 2.0-11.0. All pH measurements were taken 10 min after equilibration. For comparison, original activated carbon was also included in all the analyses. 
Adsorption experiments
Adsorption kinetics and equilibrium isotherms were determined to evaluate the efficacy of the modified carbons with respect to their adsorption rate and capacity towards Hg(II) ions. In the kinetics study, 0.1000 g of the carbons was added to 500 mᐉ glass flasks containing 300 mᐉ of a phosphate buffer solution (pH ~ 6.0) employing initial Hg(II) ion concentrations in the range 20-40 mg/ᐉ. The suspensions thus obtained were shaken at 25 o C at a rate of 150 rpm. The Hg(II) ion concentrations in the solutions were sampled by withdrawing 10 mᐉ of the same by means of a plastic syringe at 2, 5, 10, 30 and 60 min intervals after the start of the experiment, and then every 60 min up to 1440 min. Such samples were passed through a Whatman 0.45 µm membrane filter (Fisher Scientific) and acidified with two to three drops of concentrated HNO 3 to stabilize the Hg(II) ions. The equilibrium isotherms were studied by adding a pre-determined amount of carbon to 60 mᐉ glass bottles containing a phosphate buffer solution (pH ~ 6.0) employing an initial Hg(II) ion concentration in the range 20-80 mg/ᐉ. The suspensions were shaken at 25 o C for 24 h employing a shaking rate of 150 rpm and then sampled for analysis. The experiments were performed in duplicate. The Hg(II) ion concentrations in the solutions were determined employing a Varian ICP-AOE instrument, the analyses being calibrated automatically every 10 samples using a mercury standard (SPEX Certiprep, NJ, U.S.A.). The standard recovery and sample variations amongst the replicates were all less than 10%. The solution pH was also measured using an Orion 525A pH meter. A standard stock solution of Hg(II) ions at a concentration of 1000 mg/ᐉ was prepared by dissolving 1.3540 g of HgCl 2 in doubly distilled water, acidifying with 5 mᐉ of concentrated HNO 3 to prevent hydrolysis and then diluting to a volume of 1 ᐉ.
RESULTS AND DISCUSSION
The SEM micrographs of the carbons presented in Figure 2 indicate that AC and the HNO 3oxidized AC (ACN) had rough surfaces containing irregular-shaped particles with various macropores [Figures 2(a) and (b)]. AC was found to be enriched in sulphur (S), silicon (Si), sodium (Na) and aluminium (Al) while ACN contained only a little S, Na and Al, as shown by the EDS microanalyses ( Figure 3 ). Since activated carbon is unlikely to contain aluminium, the Al peak presented by the AC sample may have resulted from the aluminium stub employed (Ollila et al. 2006) . Acid dissolution by HNO 3 could have led to the disappearance of this element from the spectrum of the ACN sample. However, the chemically-modified carbons (ACNN, ACSN, ACSS) exhibited smooth surfaces [Figures 2(c)-(e)], with N, S or Cl groups being present on these surfaces (Figure 3 ). This suggests that the carboxylic groups in the samples had reacted with SOCl 2 , allowing the latter to be immobilized on the surface and making it reactive towards the addition of N-and S-functional groups. It has been reported (Peng et al. 2003) that the presence of chlorine on an oxidized AC surface as induced by the SOCl 2 reaction can lead to the formation of organic C-Cl bonds as shown in equation (1). This could also provide surface sites for the adsorption of Hg(II) ions (Vidic and Siler 2001) :
(1) (Lu et al. 2005) . The spectrum of ACN exhibits an increased band intensity for the C=O stretching vibration (1747.4 cm -1 ) and the C-N stretching bands (1166 cm -1 ). These, together with a strong band at 1582.1 cm -1 , indicate the presence of carboxyl and nitro groups on the surface (Przepiorski et al. 2006) . New bands appear in the spectrum of the SOCl 2 -treated AC (ACSCl) at 733.2, 1188.9 and 1390 cm -1 , being characteristic of C-Cl, C=S and S=O stretching vibrations, respectively. These measurements are consistent with the EDS data and confirm that Cl-and S-functional groups have been bonded to the carbon surface. The spectrum of ACNN exhibits an N-H stretching band (3295.1 cm -1 ), an N-H (-CONH-) in-plane bending vibration (1654.51 cm -1 ) and a CON stretching vibration (1461.7 cm -1 ). Only a weak C=O stretching band is present in the spectrum of the ACNN sample (Przepiorski et al. 2006) . The presence of bands corresponding to the C=S vibration (1268.8 cm -1 ) and the N-H stretching vibration (3387.5 cm -1 ) (Tonle et al. 2003) in the spectrum of the ACNN sample suggests that sulphur and amine groups had been attached to the surface. The band at 1675.3 cm -1 was assigned to the N-H band (Przepiorski et al. 2006) . In comparison, the spectrum of the ACSS sample contains bands at 892.4 and 611.5 cm -1 , characteristic of C-S bonds (Qu et al. 2005) . The broad band at 2287.6 cm -1 could be ascribed to the C-S stretching bands of the thiol group (Fan 2006) .
The proton (H + )-binding isotherm of the carbons presented in Figure 5 was established by a potentiometric titration, where the amount of protons adsorbed (Q) was calculated via equation (2 (2)
In this equation, V is the volume of background electrolyte and titrant added, and m is the mass of adsorbent. The subscripts "i" and "e" refer to the initial and equilibrium concentrations. The H + concentration at equilibrium was calculated from the measured pH using an activity coefficient estimated from the Davies equation. The H + -binding isotherms show that the surfaces of the
) modified carbons were more acidic or hydrophilic than the original carbon sample and exhibited a lower pH at the point of zero charge (pH pzc , viz. the intersection of the Q versus pH curves) relative to AC. Modification of AC led to a decrease in the pH pzc from 9.6 to 2.5, suggesting the introduction of a greater number of negative charges on the carbon surface. This may be attributed to the introduction of N-, S-and Cl-functional groups, which would facilitate electrostatic interaction with metal ions or favour the adsorption of cations. Figure 6 depicts the extent of Hg(II) ion adsorption by AC, ACN, ACNN, ACNS and ACSS as a function of time. The data show that the modified carbons exhibited an enhanced adsorption rate relative to AC, with ACNN exhibiting the fastest adsorption rate and achieving the maximum extent of adsorption (65 mg/g) within 60 min. The increased Hg(II) ion adsorption was attributed to the grafting of amine groups onto the AC surface. Other modified carbons also exhibit relatively rapid adsorption rates (Wu et al. 2007) . The rates of adsorption exhibited followed the order: ACNN (85%) > ACSS (76%) > ACSN (75%) > AC (55%) > ACN (50%), suggesting that the N-and S-functional groups were responsible for the enhanced Hg(II) ion adsorption exhibited.
Equilibrium adsorption isotherms were measured in order to establish the adsorption capacities of the various carbons towards Hg(II) ions. For these isotherms, the concentration of Hg(II) ions retained by the carbons was calculated using equation (3): ( 3) where C 0 and C e are the initial and equilibrium concentrations of Hg(II) ions in solution, V is the volume of the solution and W is the weight of carbon employed. The corresponding isotherms for the removal of Hg(II) ions are depicted in Figure 7(a) . The data show that the amounts of Hg(II) ions adsorbed at equilibrium by the modified carbons were significantly higher than by AC and followed the order: ACNN (120 mg/g) > ACSS (105 mg/g) > ACSN (90 mg/g) > AC (60 mg/g) > ACN (30 mg/g), which is consistent with the kinetic data shown in Figure 6 . The modified carbon ACNN exhibited the highest capacity -more than double that of AC -while ACN had the lowest capacity. The low adsorption capacity exhibited by ACN may be due to the presence of more oxygenated functional groups on its surface as a result of HNO 3 oxidation, leading to a reduction in both the basicity and reactivity of the carbon (Sanchez-Polo and Rivera-Ultrilla 2002). What is evident, however, is that surface modification of the carbons generated new adsorption sites for Hg(II) ion binding, leading to their greater efficiency in the removal of Hg(II) ions from an aqueous environment. The Freundlich isotherm model [equation (4)] was applied to describe the Hg(II) ion adsorption equilibrium [Figure 7(b) ]:
where C e is the Hg(II) ion concentration at equilibrium (mg/ᐉ), Q e is the amount of Hg(II) ions removed per unit weight of adsorbent (mg/g), K f and n are the Freundlich constants, with n indicating the favourability of the adsorption process and K f representing the adsorption capacity of the adsorbent [(mg/g)(ᐉ/mg) 1/n ]. The modelling parameters employed which were derived from the isotherms are summarized in Table 1 , and indicate that the Freundlich model provided a good fit to the experimental data. The high values of the correlation coefficient (R 2 > 0.91) suggest that the adsorption of Hg(II) ions by the modified carbons occurred onto heterogeneous sites on the carbon surface. According to the speciation diagram for mercury (Namasivayam and Periasamy 1993), at the pH value at which the isotherms were measured (pH = 6) and in the presence of Clions, the predominant Hg species present in the system is Hg(OH) 2 , with small amounts of HgCl 2 or (HgCl 2 ) 2 , HgOH + and HgOHCl also being present. Of these species, the three that are uncharged, viz. HgCl 2 , HgOHCl and Hg(OH) 2 , are probably not removed by electrostatic interactions under the conditions employed for isotherm measurement. However, the delocalized π-electron system of carbon (-Cπ) can also act as a reduction centre for Hg(II) ion species (Sanchez-Polo and Rivera-Utrilla 2002) as depicted in equation (5):
Macias- Garcia et al. (1995) have proposed that the presence of phenol or hydroquinone groups on the carbon surface could reduce HgCl 2 molecules adsorbed onto the activated carbon [equation (6)]. Rivin (1971) also discussed the possibility that the π-electrons of the basal plane may be involved in the reduction of Hg(II) ions on the activated carbon surface. The increased adsorption capacity of the modified carbons can also be explained by Pearson's theory (Pearson 1988) in which hard acids tend to co-ordinate with hard bases and soft acids with soft bases. Neutral molecules such as HgCl 2 , (HgCl 2 ) 2 , Hg(OH) 2 or HgOHCl are soft acids that tend to interact with nitrogen or sulphur groups (soft bases). It has been assumed that Hg(II) ions are capable of forming a covalent bond with an amide group (i.e. amido-Hg) through the replacement of a hydrogen atom in the amide group (Bicak and Sherrington 1995) . Amide compounds are also likely to react with Hg(II) ions under normal conditions to form mono-or diamido-mercury compounds on the carbon surface. Similar mechanisms are also applicable to the interactions between Hg(II) ions and sulphur-containing groups (Sinha and Walker 1972) . Adams (1991) confirmed that, in the presence of Clions, HgCl 2 could be reduced to Hg 2 Cl 2 on a carbon surface containing sulphur functional groups [equation (7)]:
Thus, the enhanced adsorption of Hg(II) ions by the modified carbons could result from the formation of HgN, Hg(HN) 2 , Hg(HS) 2 and/or Hg 2 (HS) 2 species on the carbon surface through mechanisms of reduction, complexation and/or ion exchange (Pearson 1988; Bicak and Sherrington 1995) . In addition to N-, Cl-or S-functional groups, other surface sites may also be responsible for the selective adsorption of Hg(II) ions.
CONCLUSIONS
This study has illustrated that carbons modified chemically by initial oxidation with HNO 3 , followed by treatment with SOCl 2 and reaction with ethylenediamine, dithio-oxamide or 1,2-ethanedithiol, effectively immobilize N-, S-and Cl-functional groups on their surfaces. Such modifications generate an increased number of negative surface charges so that the pH pzc values of the carbons are lowered, thereby favouring the adsorption of cations. The addition of such functional groups onto a carbon surface significantly enhanced its ability to remove Hg(II) ions from the aqueous phase both in terms of the rate and adsorption capacity. Such modified carbons provide a potential route for the remediation and/or cleanup of Hg(II) ion-contaminated waters. 
